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TURBULENT CIRCULAR AND FLAT STREAMS DEVELOPING

IN A COUNTERFLOW

E. Timma

Until now there have been no analytical articles concerning

turbulent streams developing in a counterflow which would permit us

to satisfactorily determine the change in velocity on the stream axis.

The experimental investigations of L. A. Vulis, T. P. Leont'yeva

and V. P. Kashkarov [i,2] and of Yu. V. Ivanov and Kh. N. Suy [3,4]

do not include the entire stream length.

Certain authors [i,2] experimentally study the change of the

dimensionless range I/d of a circular stream with parameter values

= = 0.2 to - 0.48 (uOm and uH are the maximum velocity in
Uom

the initial section of the stream and the flow velocity, respectively)

other authors [3,4] examine the velocity field in the main section

of a circular and a flat stream within bounded limits o' a change of

This work '.o carried out under the supervision of Yu. V.
Ivanov, Doctor of Tec) -ical Sciences.
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the determining parameter.

We know of- no experimental data for determining the values of

turbulent characteristics in the initial section and in sufficiently

distant sections in the main section of the stream. Heated streams

developing in a counterflow have not been studied at all.

In this article an attempt is made to experimentally study the

development of turbulent streams in a counterflow. This article is

a sequel to the investigations conducted earlier at the Power Engi-,

neering Institute of the Academy of Sciences of the Estonian SSR [3,4].

It is expeditious to investigate by sections a turbulent flow,

developing in a uniform counterflow. We can, for example, divide a

stream into the following three characteristic sections:

i. the initial section in which exists a potential flow core;

2. the main section in which the flow acquires a structure such

that the stream can be considered as developing from a point source

or from a source of insignificant size;

3. the transient section, included between the initial and

main sections, in which rearrangement of the stream structure ends.

The initial and transient sections were experimentally investi-

gated in greater detail; to a considerably lesser degre. we investi-

gated the main sections of a turbulent circular and flat stream

developing in a counter flow. This is due to the fact that the main

section of an isothermal stream developing in a counterflow has been

studied in greater detail earlier [3,41] To conduct the tests we used

the experimental arrangement pictured in Fig. 1, a detailoa descrip-

tion of which is presented in an earlier article [5].
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Fig. 1. External view of the arrangement.

In the tests the stream velocity was varied from 13 to 20 m/see

while the average velocity of the counterflcw remained constant,

6.7 m/see.

To form the circular stream a nozzle of 40 mm in diameter was

used; for a flat stream we used a nozzle 14 x 200 mm (with orientation

perpendicular to the larger side ).The maximum temperature differ-

ence between the unheated stream and the flow did not exceed 8 degrees,

and therefore we can consider that the ratio of the maximum absolute

temperature of the stream (To m) to the abolute temperature of the

flow (TH) 0 = T0OT H is approximately equal to unity. The tempera-

ture of the flow throughout the el-periments equaled I _,ori temperature.

In stream cross sections the velocity in IVhe direction of the

stream axis and the* temperature T were measured using the 'ollowing

parameter values :

i. for a flat stream

a) in an is,... * mal stream when 9 - I and with ratios of
flow velt e j to stream velocity = Uvi /Uom . 0.33;

- 0.50.
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b) in a nonisothermal stream when e = 1.48 and 4 = 0.3.

2. For a circular stream

a) in an isothermal stream (0 = 1) when g = -0.33; -0.50.

b) in a nonisothermal stream 0 = 2 and . = 0.33. Since the

ratio of the flow and nozzle diameters is comparatively large, then

in agreement with the formula presented earlier [] we can establish

that with a parameter value p. = -i to -0.3 a stream is developed in

a counterflow, but when p. > -0.3 there is interaction of the stream

not with the flow but with a counterstream.

The temperature and velocity fields in stream cross sections

were symmetrical; therefore it was possible to decrease the number

of measurements. For determining velocity or temperature field in

cross section of a circular stream it was sufficient to conduct

measurements with respect to a horizontal line cutting across the

center. Figures 2a and 2b show the velocity profiles in various

cross sections of a circular stream when e = i and X = i/p = -3,

-2 and a flat stream when 0 = i and X = -2. From these figures it is

obvious that with the indicated parameter values in the initial sec-

tion of the stream, there is a noticeable deformation of the velocity

field of the flow.

The relative error when measuring the velocities in the initial

and transient sections of the flows did not exceed . The relative

accuracy washigher at the stream axis and decreased toward the outside

boundaries of the stream.

Close to tcr line of zero velocity the relative error is larger

and increases with hi3tance from the nozzle. Close to the point on

the axis where v',ia.7 u = 0, we noted velocity pulsations which

noticeably hindered hc ioasuefiments. We can Bay that the velocity



pulsations increase at the end of the main section of the stream.

During temperature measurements the relative error did not exceed 4%.

It is known that one important property of a turbulent stream

developing in a counterflow or in an immobile medium is the similarity

of velocity profiles in the initial, transient, and main sections.

By profile similarity, we mean the possibility of representing velocity

profiles in different cross sections of the streams by means of the

same function:
u-u.' -; - i k ( 11 ) " 1

where u, UH and um. are the velocities at an arbitrary point of the

flow, in the flow, and at the flow axis, respectively;

fk(l) is the universal function in cross sections of the stream,

which can have varying aspects in the initial, transient, and main

sections)

I is the dimensionless ordinate of the point, defined in the

initial section by the formula
Y-YI

- -Y' (2)

and in the transient and main sections of the stream by

where z is the distance of the point from the stream axis; y. and Y2

are the ordinates of the point of the internal and external boundary,

respectively, of the displacement zone in the initial :cction of the

stream;

6 is the ordinate of the stream boundary in the tr, kllent and

main sections. In order to verify the above mentioned ;imilarity of

profiles of a turb.! -it stream developing in a counterflow we must

consider that in F . Lt (I) the velocity of the counterflow uH is
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negative. Since experimental determinations of the boundary pcint

where the dimensionless velocity u-uH equals zero are possible only

with large errors, the experimental data are presented in Fig. 3

in the following coordinates:

u - uH and YO.5 - y

Um- u H YO.5 - YO.9

where YO.5 ' yO.9 are the ordinates of the point; the dimensionless

excess velocity - UH is equal to 0.5 and 0.9, respectively. Aum - u H

simple conversion shows that if the experimental data lie on a single

curve, the condition of similarity (i) is fulfilled.

From study of the similarity of the velocity profiles um- uH

in different cross sections of a stream it follows, as is obvious

from Fig. 3, that the similarity in the initial and transient sections

of circular and flat streams is observed only within dimensionless

velocities from 0.3 to i. For determining the profiles we can use

formulas introduced in a previous article [51.

Thus, according to Schlichting's formula

and according to the polynomial formula
h [(-q) -- - 2 - L- 8n3'- 3n',(

(5)

after the substitution =1. 0_.,_ .,)  (6)

we get the solid and dashed lines, respectively, in Fig. 3. Here

nO.5' nO.j and q0.9 are constants defined from the correiprnding

equations

= ; fk( ho.) =0,.1; !(,:.,,) z0,9.

It is obvious in F-'1j,. 3 that the calculation according to Polynomial

(5) better agrees c'.. 0 ;heper.muontal data than does the calcula-



tion according to Schlichtins's Formula (4).
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Fig. 2. Velocity profiles in different cross s'c ,ions
of a tu-hiilent stream developing in a counterflcw:
a) flat v.'c.am; b) circular stream.

-7 -



.4 i41

SII

Z6 -. n-fo -0.0 i0F 00 10 1

L!" ' - , oI j,° ' .. I

-V, I 2 I

d H I

IJg.., -3 ,; -. ,.-,p Il_ ' * ',J I f If- * T -7 - 4-- . I ---.--. ,----- - -

-.o- . 5- . -. -a . '2 .0 .5y j_ Y,,

S:T -j-I -___-t_ l--. . .;"": "

;' ,, - i YCi 1

-,_ .__ _-. -. _.----+ _ _ __- - a
, i I. I. M I. Y

, I --. 7.._.6 J j;

S.., _____ -___ .,

Fig. 3. Profiles of d "nsionless excess velocityin cross sections of a turbulent stream developing
in a counterflow: a) circular stream; b) flat stream.
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Fig. 4. Profiles of dimensionless excess
velocity in cross sections of the main
section of a circular stream developing in
a counterflow. The dashed line was obtained
from experiments of Kh. N. Suy (4], the
triangles designate profiles obtained from
experiments of L. A. Vulis (I], and the solid
line was obtained from Polynomial (5).

Figure 4 compares the profiles of dimensionless excess velocity

in different cross sections of a circular stream according to

experiments by Kh. N. Suy [4], L. A. Vulis, and the author. Obviously

in the main section of a turbulent circular stream developing in a

counterflow the velocity profiles are similar and they can be satis-

factorily determined with the aid of Polynomial (5) by the substitu-

tion

Figure 5 gives the temperature profile of the stream in dimersionless

coordinates. Here it is obvious that the profiles of dimensionless

excess temperature -T in different cross sections of a circular
Te T H

and a flat stream are similar and can be calculated frol ?'ormula (5).

T, TH and IV is the temperature at an arbitrary point of the

stream, in the flowi, and at the stream axis, respectively.
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Yo0.5_ and y.0.9 are the distances of the points from the stream
T - TH

axis, at which Tm - TH equals 0.5 and 0.9 respectively.

n H

5 20--'- ---

14" , 3 ! !.4-8I

--.. - -0A -. 5 , -y

Fig. 5. Profiles of dimensionless excess
temperature in flat and circular streams
developing in a counterflow. The solid
line was obtained from Polynomial (5).

For the determination of the long range L of .a circular and

flat stream the following simple formulas are obtained:
L 5,5

- - (8)
L I - 28 (

j-- . -47, (9)

where R is the radius of the circular nozzle;

bo is the half width of the flat nozzle.

Figg'e 6a compares test data with calculations according to the

formula of Kh. N. Suy [4], L. A. Vulis (1,2], and Formiula (8). In the

L. A. Vulis formula L 2k

where the coeffictent k = 3 - 3.5.

When comparinL' he calculations in Fig. 6a we used the averaged

value
k = 3.25.
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In Fig. 6a the dashed line is given according to Formula (8),

the broken line according to Formula (8a) and the solid line accord-

ing to Suy's formula [4]. As is obvious from Fig. 6a, Formula (8)

gives the better agreement.

+ , - zOA0.6 " 1;02 according to tests of

a os .... '- -' l-- --. K. N'. u 4
4., 4 10.a 0 .0 x- acco di to tests Of'

t d =40:_ .0 . A. V i an oter

'the auathor

SO ?0 10 0 74 00 YO 0 , 12

a,4

b

0.3 - ba. according to tests of
**O.6 jXh. V. Suy

&-according to tests of
this aurhor

I ! i I I ,
'00 200 30 0 300 100 700 &00 4)0 L

Fig. 6. Comparison of test data according
to the range of the stream with a calculat on
ac ,dlng to formulas of various authors;
a) ct2u'ular stream; the dotted line is
from oinula (8), the solid line is from
Kh. N. Suy (4 , and the broken line is from
the L. A. Vulis formula (8a). b) flat
stre,;+ ; .Le solid line is from Foimiula (9).
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It is obvious in Fig. 6b that the solid line drawn according to

Formula (9) well describes the test data within the limits of change

of the parameter p. from 0 to 0.5.

Conclusions

i. There Is a similarity of profiles of dimensionless excessu -uH
velocity u within limits from I to 0.3 in different crossum -U H
sections throughout a stream, beginning at a distance of one nozzle

diameter from the initial section for a circular stream and at one

nozzle width for .a flat stream, depending on the dimensionless excess

ordinate YO5 - y  Profiles of dimensionless excess velocity can
YO. 5 -YO9

be determined with the aid of Formulas (4) or (5).

2. In the main section of a circular or flat streaia the profiles

of dimensionless excess velocity, depending on the dimensionless

ordinate -- , can be determined with the aid of Polynomial (5)
YO. 5

with aubstitution of (7).

3. There is similarity of the profiles of dimensionless excess
T - TH

temperature - within limits of i to 0.3 in different cross

sections throughout the stream, beginning at a distance of one nozzle

diameter from the initial section for a circular stream and at one

nozzle width for a flat stream, depending on the dimensionless excess

ordinate y0 5  . The profiles of dimensionless excess tempera-

ture can be det rmined from Formula (5).

4. The lois -.-age of circular and flat streams developing in

a counterflow is i-. .p.esented by Formulas (8) and (9).
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